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1972.-The percentage , than 40 weeks). The effects of endurance training were determined by comparison of guinea pigs exercised on a motordriven treadmill for 8 weeks with age-matched controls.
of red and white fibers in diaphragm muscle of guinea pigs 6, 14, and 40 weeks of age was determined by succinic dehydrogenase activity. The percentage of red fibers decreased with increase in age. The percentages were : 86 y0 at 6 weeks, 70 y0 at 14 weeks, and 6597, at maturity. Mean fiber area increased with age in proportion to increases in body and diaphragm weights. Following 8 weeks of exercise, the percentage of red fibers in young animals was maintained while it increased by 20y0 in mature animals. These effects may be associated with the role of the guinea pig diaphragm in temperature regulation and ventilation. METHODS mitochondrial density; succinic dehydrogenase activity; red and white muscle fibers; muscle fiber cross-sectional areas; pulmonary ventilation IN MOST MAMMALIAN SPECIES the diaphragm is composed of red and white fiber types (7, 8, 14) , but some very small animals (shrew) have almost exclusively red fibers in the diaphragm and some very large animals (cow) have almost exclusively white fibers (7) . From their data on diaphragms of several mammalian species, Gauthier and Padykula (7) conclude that the cytochemical characteristics of the muscle fibers are related to the functional requirements of the diaphragm.
Twenty-eight young (6 weeks) guinea pigs and 10 mature ( > 40 weeks) animals were used in the study. Since no sigificant differences were observed in body weight, diaphragm size, or diaphragm fiber area among guinea pigs older than 40 weeks, they are all considered as mature. Twelve of the 6-week-old animals were used for determination of fiber types and fiber area of young animals. The remaining young and mature guinea pigs were divided into age-and weight-matched pairs. During an 8-week period, one of each pair was restricted to a 30 x 50 cm cage, and the other was trained to run on a motor-driven treadmill (6). All animals were fed ad libitum.
The young guinea pigs were trained easily; the mature guinea pigs were trained with much more difficulty.
However, four mature animals exercised successfully for 8 weeks; these were able to run at 30 m/min for 40-50 min. One mature animal in the forced exercise group died in his cage of unknown causes, and a second could not be trained to run. These two and their matched controls were dropped frorrn the study. Previously we studied changes in guinea pig plantaris muscle that occur with aging and with endurance training (6). An increase in age resulted in a decrease in the percentage of red fibers, fiber hypertrophy, and a loss in the total number of fibers. With endurance training, there was an increase in the percentage of small red fibers and no loss in total number.
These changes indicated a loss of oxidative capacity in the plantaris with aging and an increase in oxidative capacity with endurance training. Although no data on adaptation of diaphragm fibers are available, the heterogeneity in fiber types and in fiber areas in the guinea pig diaphragm indicates a potential for adaptation similar to that observed in the plantaris.
Animals
were sacrificed in their original age-matched pairs of control and trained animals.
The diaphragm was excised and weighed and small biopsy sections were removed from ventral and dorsal sites ( Fig. 1 ). Preliminary research had showed that samples from sternal, ventral, and lateral regions were not significantly different from one another.
Because there are already extensive data on the ventral site (7), this site was chosen to represent these parts of the muscle. Samples from the dorsal region exhibited characteristics somewhat different from those at the ventral sites.
Our objectives were to classify the fibers of the diaphragm muscle and to determine whether changes in relative proportions of the types of fibers were associated with increased age, increased exercise, or both. Fibers were classified as red or white on the basis of succinic dehydrogenase (SDH) activity, the percentage of each type of fiber present was determined, and the mean cross-sectional area of each fiber
The main portion of the guinea pig diaphragm is only about 1 mm thick, and the fibers deteriorate rapidly; therefore the muscle must be excised quickly once it is exposed. Quick removal of the total undamaged diaphragm is complicated by the extensive fibrous attachments to the thoracic wall and by the proximity of other organs. A complete diaphragm was never obtained and in some cases severely damaged diaphragm muscles resulted; these are not included in our weight data. Samples excised from the dia- phragm were quick frozen in acetone and Dry Ice. Slices from each sample were mounted and 14-p cross-sections were cut in a cryostat. The sections were placed on a cover slip and incubated with succinate and nitro-blue tetrazolium to localize SDH activity ( 13). In a few sections, ice crystals formed in fibers, or the sections crumbled when cut and histochemical data could not be obtained.
Most of the missing data are from the ventral site, probably because of the thinness of the muscle at this site.
To ensure adequate sampling, each cross-section of diaphragm muscle (Fig. 2 ) was divided into quadrants and a sample site was selected randomly from each quadrant. A Leitz Prado microprojector was used to project the site at X 1,500. Approximately 50 fibers at each site were classified as red or white. The perimeter of individual fibers was traced and the fiber area determined by planimetry. We are aware that three fiber types, red, intermediate, and white, are generally recognized and that these three fiber types are identifiable by histochemical ( 1, 5, 7, 14, 20) and by ultrastructural characteristics ( 16). White fibers are readily classified by the lack of both peripheral and central SDH activity (ZO), but differentiation between red fibers and intermediate fibers on the basis of the intensity or localization of activity (20) is difficult.
Therefore, all fibers with a positive SDH reaction were classified red. To determine the percentage composition, sites were magnified X960 and 80-100 fibers were classified and counted.
Means and standard deviations were calculated for percent composition and muscle fiber area in diaphragms of control and trained guinea pigs. Significant differences between young and older animals and between trained and control guinea pigs were determined by a t test of the difference between the means.
RESULTS

Comparison
of the data on 6-week-old guinea pigs with Among our guinea pigs, as breathing frequency decreased with age, from 120 to 80 breaths/min, the percentage of red fibers in the diaphragm decreased from 87 to 66 %. Decreases those on 14-week-old and mature guinea pigs indicates that with increased age significant gains occurred in body weight, in breathing frequency with age have been reported pre-diaphragm weight, and diaphragm muscle fiber cross-sectional area. Increases in diaphragm weight and mean fiber area were linearly related to the increase in body weight (Table  1 , Figs. 3 and 4) . The increase in diaphragm weight with increased age was due at least in part to the hypertrophy of individual muscle fibers. At a given body weight, considerable variability in fiber area was observed among guinea pigs of all ages, but particularly among mature animals. This variability might result from genetic differences and/or from environmental factors such as nutrition or physical activity. The weight of the diaphragm was 2.5 times greater at 22 weeks than at 6 weeks, whereas the mean muscle fiber area was 2 times greater at the ventral site and 2.5 times greater at the dorsal site of the diaphragm (Table  1 ). Since the mean fiber area was the same at the two sites at 6 weeks (Table 1) , the dorsal *fibers hypertrophied more with age than did fibers at the ventral sites (Table 1) . Aging from 6 weeks to maturity also resulted in a 21 % decrease in the percentage of red fibers (Table  l) , which indicates a significant decrease in oxidative capacity. There were significant differences in the percentage of red fibers in diaphragms of young and mature trained animals compared with their age-matched controls ( viously in other species (3, 4) . During forced endurance running, the metabolism of guinea pigs may be as much as 6 times the resting metabolism ( 17). Pulmonary ventilation is increased by the requirement for gas exchange and temperature regulation ( 11). To lose heat without developing respiratory alkalosis, breathing frequency was increased disproportionately to the increase in tidal volume. Immediately after the treadmill run, breathing frequencies were in excess of 180/min.
Our data on the changes in the percentage of red fibers in the diaphragm with age and with endurance training support the hypothesis of Gauthier and Padykula (7) that the percentage of red fibers in the diaphragm is related to the breathing frequency. Since in most mammalian species the number of muscle fibers appears to be fixed at birth or shortly afterward ( 19), muscle growth must result from increases in the cross-sectional area and length of existing fibers (9, 19) . In skeletal muscle, the stimulus for fiber hypertrophy appears to be increased load per fiber, regardless of whether the increased load is induced by surgical removal ( 19) or by the increase in body weight with growth (9, 19) . It is difficult to determine whether increased load per fiber has occurred in the diaphragm.
The development of increased tension by the fibers of the diaphragm with increasing age might be required because of larger dimensions of the thorax, larger tidal volume, or by a combination of the two. Whatever the stimulus, hypertrophy did not occur uniformly throughout the diaphragm but was more pronounced in the dorsal region.
The percentage of red fibers in the diaphragms of young and mature trained guinea pigs was approximately the same (86 %), and both groups of trained animals had more red fibers than their age-matched controls.
In spite of these similarities, the adaptation of muscle fibers to endurance training was quite different in the two age groups. In young animals, endurance training prevented the shift of 15 to 20 % of the fibers from red to white which occurred in control animals.
In phragm of young and mature trained guinea pigs has a greater mitochondrial density ( 16) and a greater oxidative capacity ( 10) per unit mass than the diaphragm of controls. The transformation from red to white and from white to red indicates that the muscle fibers of the diaphragm have adaptive potential similar to that observed in other skeletal muscle fibers ( 1, 5, 6) .
In summary, growth of the diaphragm muscle of guinea pigs with age resulted in part from fiber hypertrophy, but fibers in different portions of the diaphragm showed different amounts of hypertrophy.
The increase in fiber area was proportional to the increase in body weight, but the mechanism by which fiber growth was stimulated is not clear. Aging was accompanied by a loss of mitochondrial density from the diaphragm fibers. Daily endurance training main-
